The high temperature oxidation and erosion-oxidation (E-O) behavior of steels AISI 1020, 304, 310, and 410 were determined. These steels were selected to evaluate the effect of chromium content on its E-O resistance. The oxidation behavior was determined in a thermogravimetric analyzer. A test rig in which a specimen assembly was rotated through a fluidized bed of erodent particles was used to determine the E-O behavior. Alumina powder (200 µm) was used as the erodent. The E-O tests were carried out in the temperature range 25-600 °C, with average particle impact velocities of 3.5 and 15 ms -1 and impact angle of 90°. The oxidation resistance of the steels increased with chromium content. The E-O behavior of the steels was determined as wastage. The E-O wastage of the steels exposed to particle impact at low velocity was low but increased with temperature above 300 °C. The E-O wastage of the different steels exposed to particle impact at high velocity was quite similar. The wastage increased with increase in temperature above 500 °C. The increases in E-O wastage of the steels observed at temperatures above 300, 400 or 500 °C, depending on the steel, were due mainly to a transition in the dominant wastage process, from 'erosion' to 'erosion-oxidation'.
Introduction
A vast amount of information is available about the oxidation behavior of various metals and alloys at high temperatures. The erosion behavior of metallic materials and ceramics at room temperature has been also extensively studied [1] [2] [3] . Nevertheless, a number of questions regarding correlations between erosion properties and physical parameters of materials remain unanswered. Information available about the conjoint effect of erosion and oxidation at high temperatures is still limited [4] [5] [6] . The results of some of the erosion-oxidation (E-O) studies demonstrate that there is synergy between erosion and oxidation. This indicates that the degradation caused by E-O can be greater than the sum of degradation caused by erosion and oxidation processes operating separately [7] [8] [9] . Corrosion products have also been shown to inhibit erosion 10 . That is, the wastage rate under E-O conditions can be lower than that in the absence of oxidation. These contrary observations have generated much attention in recent years about E-O processes.
E-O interactions have been described in terms of regimes. Kang et al. proposed the existence of four regimes as a function of increasing temperature, based on E-O studies of pure metals 11 . These regimes were termed: a) erosion of metal, which predominated at low temperatures; b) oxidation affected erosion, where the oxide and the metal eroded; c) erosion-enhanced oxidation, during which more oxide formed as it was eroded and d) oxide erosion, where only the oxide eroded. Modifications to these regimes and other interpretations about the existence of a variety of other sub E-O regimes have been proposed 12, 13 . Definition of E-O regimes has varied significantly, both in the number of regimes that have been proposed as well as in the criteria for defining transitions 5 . Justifications for the various regimes have depended on the E-O conditions and experimental evidence put forth to support the transitions. This signifies that there is potentially a number of interaction regimes depending on the criteria used to define the transitions.
Procedures to select materials resistant to high temperature E-O degradation are presently not available. A variety of metals, composites, cermets and ceramics are used in industrial applications where E-O conditions prevail. The metallic materials include readily available alloys such as mild steel, stainless steels, rare earth containing iron-chromium or iron-chromium-aluminum alloys and hard material coated alloys. The criteria often used to select alloys subject to E-O conditions are hardness, cost and availability. This paper presents the high temperature oxidation and erosionoxidation behavior of a variety of readily available steels such as AISI 1020, 304, 310 and 410. The oxidation measurements were carried out in the temperature range 25-600 °C. The E-O measurements were made in a test rig, also in the temperature range 25-600 °C, using alumina particles as the erodent at impact velocities of 3.5 and 15 ms -1 .
Methods and Materials
The chemical composition of the steels AISI 1020, 304, 310 and 410, used in this investigation is shown in Table 1 . Specimens for the oxidation tests and the E-O tests were cut to size from steel sheets, cleaned and degreased ultrasonically in acetone. The oxidation measurements were carried out in a thermogravimetric analyzer in the temperature range 25-600 °C and plots of weight gain vs. time obtained.
A schematic diagram of the E-O test rig is shown in Figure 1 . In this rig a specimen assembly was rotated through a fluidized bed of erodent particles. Alumina powder with particles in the size range 212-150 µm was used as the erodent. The fluidized bed of particles was obtained by pumping pre-heated air through a porous plate supporting a bed of erodent particles. Fluidization of the erodent particles was done within a furnace and the erodent impact velocity on the test specimens was controlled by a motor that rotated the specimen assembly.
The E-O test specimens were weighed and fixed with AISI 310 screws to the specimen holder in the E-O test rig. The specimens were positioned at the end of a crossed specimen holder. The E-O test conditions were: 25-600 °C, average erodent impact velocities of 3.5 and 15 ms -1 and impact angle of 90°. After the tests, the specimens were weighed, examined in a scanning electron microscope, the surface reaction products analyzed by EDS and the surface hardness measured.
Results and Discussion

Oxidation behavior
The isothermal oxidation curves of the different steels at 500 °C and 600 °C are shown in Figure 2 . At low temperatures, (R.T. -400 °C) the oxidation weight gains of the different steels except AISI 1020 were very low. However at 500 and 600 °C the steels exhibited parabolic oxidation behavior after an initial transient stage. The parabolic rate constant of AISI 1020 was higher than that of the other alloys, which contained more than 12% Cr. Similar isothermal curves were also obtained at temperatures of 700, 800, 900 and 1000 °C. At these higher temperatures all the steels except AISI 1020 revealed parabolic oxidation behavior. The latter revealed an oxidation rate transition from parabolic to linear.
The higher oxidation rate of AISI 1020 was due primarily to the formation of Fe 3 
Erosion-oxidation behavior
The E-O behavior, expressed as wastage, of the four steels as a function of temperature is shown in Figures 3a and 3b . The steels were exposed to the E-O environment for 5 hours at 25, 100, 200, 300, 400, 500 and 600 °C. In Figure 3a it can be seen that wastage of the different steels was low up to 300 °C. The wastage of AISI 1020 and AISI 410 increased above 300 °C and then decreased above 500 °C. The wastage of AISI 304 was very low up to 400 °C, and it then increased. The wastage of AISI 310 remained quite low till 300 °C and then increased before decreasing again above 400 °C. Overall variations in wastage with particle impact at low velocity is very low and is evident from the weight loss values on the y-axis of the graph. At high particle impact velocity, (Figure 3b ), all steels revealed marked wastage at 100 °C and this decreased with increase in temperature up to 500 °C. The wastage of all the steels again increased with increase in temperature to 600 °C. The wastage at 100 °C in this figure can be attributed to loss of air-formed surface oxide and base metal. With increase in temperature, the wastage decrease is due to formation of surface oxide. That is, the weight gain due to oxide formation is higher than loss of oxide due to particle erosion. At temperatures beyond 500 °C the net weight loss increases and is due to loss of the oxide as it is formed and loss of base metal. The oxide on AISI 1020 is mainly Fe 2 O 3 at low temperatures and FeO at higher temperatures. The former is more ductile and therefore more resilient towards particle impact. On the other hand FeO is brittle and is easily removed. On the other Cr containing alloys, depending on the Cr content the surface oxide formed due to oxidation is a mix of iron and chromium oxides. In the initial stages the oxide formed is mainly iron oxide and subsequently it is Cr oxide. The outer Fe oxide is quickly removed by particle impact leaving behind the more resistant but thin layer of chromium dioxide close to the alloy interface. This accounts for the decreased wastage with increase in temperature up to 500 °C. At temperatures above 600 °C the wastage increase could be attributed to removal of Cr oxide and the base metal. Alumina inclusions were observed on the surfaces of many specimens following E-O exposure as shown in Figure 4 . EDS spectra of these surfaces confirmed the presence of alumina particles. Some of the scatter in the data at low impact velocity in Figure 3a could be related to weight increase associated with particle inclusion. This particle inclusion was observed on the surfaces of some steels, especially the austenitic steels.
To throw more light on the erosion-oxidation data obtained with particle impact at the two velocities, the hardness of the Cr containing steel specimens exposed for 5 hours at 500 °C to: a) no particles; b) particle impact at low velocity and c) particle impact at high velocity, were determined. The results are shown in Table 2 . Table 2 reveals that with particle impact the surface hardness of AISI 410 increases from 71 to 102. Increase in particle impact velocity did not affect the surface hardness of this steel. This increase in hardness is due probably to a ductile to brittle transition in the steel, that normally takes place around 500 °C. The 18% Cr containing AISI 304 and the 25% Cr containing AISI 310 did not show any significant change in hardness caused by particle impact.
Wastage behavior of the steels
At low temperatures, erosion of metal is the dominant process and wastage is said to be "erosion-dominated" 5, 14, 15 . As the temperature increases, oxide formation increases. If the oxide is less erosion resistant than the underlying metal substrate, it is easily removed, together with the underlying metal, between successive erosive events, as the temperature is increased. Since the rate of oxidation increases rapidly with increase in temperature, this means that at a specific temperature, the wastage due to loss of oxide scale is greater than that due to loss of metal. This marks the transition to "erosion-corrosion dominated" behavior as observed in Figure 3 at temperatures above 300 °C for AISI 1020 and 410 and above 400 °C for AISI 304 and 316. If most or all the scale continues to be removed on particle impaction, the wastage rate increases, as the oxidation rate increases with temperature.
The composition of the steel influenced the composition of the scale and thus the erosion resistance. The ability to accommodate deformation and absorb impact energy at high temperature is a function of scale composition, with iron oxides more ductile than chromium oxides. The kinetics of scale growth is also dictated by alloy composition. Chromium dioxide forms on the high chromium containing alloys, and a transition to parabolic behavior occurs at Table 2 . Vickers microhardness of steel specimens exposed for 5 hours at 500 °C in the E-O rig to: a) no particles; b) particle impact at low velocity and c) particle impact at high velocity. high temperatures. On AISI 1020, at low temperatures, Fe 3 O 4 scale forms and this protects to some extent. At higher temperatures, the scale formed is mainly FeO and this is not protective. The oxidation rate is very high and metal loss also high, compared with that at lower temperatures, where FeO scale does not form.
Steels
Conclusions
1. The oxidation rates of the steels varied with temperature and steel composition. AISI 1020 oxidized at high rates formed Fe 3 O 4 scale. The oxides formed on AISI 410, 304 and 310 contained increasing amounts of Cr 2 O 3 ; 2. The E-O wastage of AISI 1020 and 410 exposed to particles with low impact velocity was low up to 300 °C and thereafter increased with increase in temperature. The E-O wastage of AISI 304 under similar conditions also increased at temperatures beyond 400 °C. However, the E-O wastage of the high Cr containing AISI 310 decreased to very low values; 3. The E-O wastage behavior of the different steels exposed to particle impact at high velocity was quite similar. The wastage increased with increase in temperature to 100 °C and thereafter decreased with increase in temperature to 500 °C. At temperatures above 500 °C the wastage increased again; and 4. The increases in E-O wastage of the steels observed at temperatures around 300 and 400 °C upon exposure to particle impact at low velocity and above 500 °C upon exposure to particle impact at high velocity are due mainly to a transition in the dominant wastage process, from 'erosion' to 'erosionoxidation'.
